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ABSTRACT 

The production o f  diacetylene i n  t h e  low pressure reac t ion  of 
oxygen a t o m  with acetylene was monitored with a photoionization mass 
spectrometer. The addi t ion  of methane, n i t rous  oxide or molecular 
hydrogen quenched t h e  formation of diacetylene.  Stern-Volmer k ine t i c s  
were observed, which implies t ha t  both acetylene and t h e  quenching gas 
compete f o r  a s i n g l e  reac t ive  intermediate. This quenching appears t o  
be closely connected with t h e  quenching of chemi-ionization reported 
previously (Cbem. Pbys. Lett. 164, 625 (1989) ) . Quan t i t a t ive  
comparisons of quenching r a t e s  with known r a t e  constants suggest t h a t  
CH(X2n) is t h e  intermediate involved. Application of an electric 
f i e l d  t o  t h i s  system had no a f f ec t  on the  diacetylene concentration, 
showing t h a t  chemi-ions a r e  not involved i n  C4H2 formation. 

INTRODUCTION 

Diacetylene (C4H2) is  an important intermediate i n  t h e  combustion 
of acetylene and o ther  hydrocarbons, espec ia l ly  f o r  fue l - r ich  
conditions [l-51. As much as 35% of t h e  acetylene consumed i n  a flame 
may pass through C4H2 [ 4 1 .  I t  has been argued t h a t  diacetylene and 
heavier polyacetylenes a r e  precursors of soot [1,41,  although others  
do not support t h i s  proposal. 

t he re  is agreement t h a t  t h e  mechanism of diacetylene formation is 
complex [6-81. The i n i t i a l  r a t e  of formation of CqH2 is proportional 
t o  the  product of concentrations [O] [C2H I ,  and t h i s  r a t e  can be 
accelerated by adding hydrogen atoms o r  i nh ib i t ed  by adding O2 o r  H ~ .  

established. The reac t ion  usually proposed is, 

The atomic oxygen-acteylene system has been s tudied  extensively and 

The reac t ion  t h a t  forms diacetylene i n  flames has not been c l ea r ly  

and t h i s  reac t ion  is known t o  be f a s t  [ 9 ] .  However, a reasonable 
source of C2H rad ica l s  i n  flames is not known. 
abstract ion,  favored i n  t h e  past ,  

The direct 

0 + C2H2 - > C2H + OH 

is now known t o  be endoergic by 30 kca l  mol-' [lo], and thus  can be 
ignored except f o r  very high temperature combustion. 

We have extended e a r l i e r  quenching s tudies  [ l l ]  i n  an attempt t o  
c l a r i f y  t h e  mechanisn by which diacetylene is  formed during acetylene 
combustion. 
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EXPERIMENTS 

Oxygen atoms were made by discharging a flowing mixture of  0.5% C02 
i n  He  i n  a microwave discharge (2450 MHz). T i t r a t i o n  with NO2 showed 
t h a t  t h e  typ ica l  [ O ]  was 3 mTorr. Acetylene, a l s o  d i l u t e d  i n  He,  and 
other  quenching gases were added upstream of  t h e  pinhole t o  a 
photoionization mass spectrometer. The diacetylene was photoionized 
by Lyman a rad ia t ion  (10.2 eV) and detected a t  mass 50. The t o t a l  
pressure was kept constant a t  3 Torr as  the  quenching gases  were added 
by varying t h e  H e  flow. Further experimental d e t a i l s  a r e  given 
elsewhere [12]. 

RESULTS and DISCUSSION 

We have observed t h a t  adding methane, n i t r o u s  oxide o r  molecular 
hydrogen t o  the 0 + C2HZ system quenches t h e  formation of diacetylene.  
These quenching molecules are r e l a t i v e l y  i n e r t  t o  a t t a c k  by oxygen 
atoms a t  300 K f o r  t h e  shor t  contact times (<15 ms) used i n  t h i s  
study. 

For methane and n i t rous  oxide t h e  quenching followed a simple 
Stern-Volmer law, as can be seen i n  Figure 1. The quenching 
eff ic iency depends on t h e  p a r t i a l  pressure of acetylene present .  
o r ig ina l  da ta  a r e  recorded elsewhere [121. 

Simple Stern-Volmer p l o t s  suggest t h a t  both acetylene and t h e  
quencher molecule a r e  competing for  t h e  same intermediate. I f  t h e  
intermediate, I, r e a c t s  with acetylene, a molecule of diacetylene is 
formed (not necessar i ly  i n  a s ing le  s t e p ) .  

The 

I + C2H2 - > --> C4H2 (3)  

I + Q  > other  products ( 4 )  

I > other  products . (5) 

Reaction between I and quencher molecule Q does not r e s u l t  i n  
diacetylene formation. Reaction (5) is included t o  allow loss of I by 
other  react ions,  on t h e  walls, etc. 

I f  it is assumed t h a t  t h e  addition of Q does not  a f f e c t  t h e  rate of 
formation of I, then react ions 3, 4 and 5 lead t o  t h e  steady state 
expression, 

I 
i 

where [C4H2Io r e f e r s  t o  t h e  diacetylene s igna l  when no quencher gas  i s  
present .  The quenching da ta  for  methane and n i t r o u s  oxide have been 
f i t  t o  Equation A using l e a s t  squares. 

I f  Equation A is va l id ,  t h e  inverse of t h e  s lopes of  t h e  
Stern-Volmer p l o t s  should depend l i n e a r l y  on t h e  acetylene 
concentration. 
t h i s  simple model, t h e  slopes of  t h e  l i n e s  i n  Figure 2 then give t h e  
r a t i o s  f o r  k3/k4 and t h e  in te rcepts  give k5/k4. 

A test of t h i s  re la t ionship  is shown i n  Figure 2. For 

Values f o r  these  k3/k4 
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r a t i o s  are col lec ted  i n  Table I. 

ni t rous oxide and so more of it was necessary t o  give s ign i f i can t  
quenching. The r e s u l t i n g  Stern-Volmer p l o t s  w e r e  s l i g h t l y  concave 
downward. It is not c l e a r  i f  t h i s  ind ica tes  t h a t  a more complex 
quenching mechanism is  needed, or t h a t  some o ther  e f f e c t  r e su l t i ng  
from the l a rge  concentrations of Hp is involved. I t  is  known t h a t  
hydrogen atoms promote the  formation of diacetylene [ E l ,  and it is  
possible t h a t  t h e  l a r g e  H2 concentrations could r e s u l t  i n  hydrogen 
atom being produced (e.9. by co l l i s iona l  d i ssoc ia t ion  of H2 by 
CO(a3n),  which is produced i n  t h i s  system [131, or by radical  a t tack  
on H ) .  
t he  %orm, 

Molecular hydrogen was a less e f f i c i e n t  quencher than  methane or 

The hydrogen quenching curves could be f i t  t o  equations of 

By analogy t o  Eqn. A, the rec iproca l  of was p l o t t e d  against  t h e  
acetylene concentration, and t h e  r e su l t i ng  poin ts  a r e  cons is ten t  with 
a s t r a igh t  l i n e  (Fig. 2 ) .  The slope of t h i s  l i n e  is entered i n  Table 
1 under k3/k4 f o r  hydrogen with the  understanding t h a t  t h i s  assignment 
is  tentat ive.  

The second column of numbers in  Table 1 gives the  r a t i o  of k3/kq i f  
t h e  intermediate I is t h e  ground s t a t e  CpH radical .  
present study, t he  precursor t o  diacetylene r eac t s  with methane only 
2 . 1  times slower t h a t  it does with acetylene, while C2H r eac t s  50  
t i m e s  slower. The t e n t a t i v e  r a t i o  fo r  hydrogen is a l s o  not compatible 
with the intermediate being C2H. Unfortunately, t h e  r a t e  constant fo r  
C2H reac t ing  with N 0 has not been measured yet .  
of the f i r s t  two cofumns of Table I, w e  conclude t h a t  t h e  intermediate 
I is not  t h e  C2H r a d i c a l .  

The CH r ad ica l  has  been proposed by HOmaM and Schweinfurth a s  one 
of t he  precursors lead ing  t o  diacetylene [ e l .  The t h i r d  column of 
Table I g ives  t h e  r a t i o s  of k3/kq for CH(X2n) .  I n  comparing t h e  f i r s t  
and t h i r d  columns o f  T a b l e  I, better agreement is seen, although the  
values f o r  hydrogen still d i f f e r  s ign i f i can t ly .  

A more impressive comparison can be made between t h e  quenching of 
chemi-ionization repor ted  previously f o r  t h i s  system [111 and t h e  
quenching of d iace ty lene .  The f r ac t ion  of t he  chemi-ionization tha t  
can be quenched follows a Stern-Volmer law, and a p lo t  of t he  
reciprocal of t h e  Stern-Volmer slopes vs.  acetylene looks very s imi la r  
t o  the  present  Figure 2.  In  pa r t i cu la r ,  fo r  methane quenching, the 
l i n e s  show iden t i ca l  slopes,  i.e. iden t i ca l  values f o r  k3/k4. 
Quenching by N20  a l s o  agrees c lose ly  ( k3/kq = 3.5 f o r  chemi-ionization 
quenching, compared t o  4.8 i n  Table I ) .  Since t h e  quenching of the  
chemi-ionization almost ce r t a in ly  involves reac t ion  with the  CH (X%) 
radical,  t h i s  s t rengthens  t h e  case fo r  CH being a precursor t o  
diacetylene. 

The s i m i l a r i t y  of quenching of chemi-ions and diacetylene r a i s e s  
t h e  p o s s i b i l i t y  t h a t  chemi-ions might be precursors t o  diacetylene.  
This poss ib i l i t y  was t e s t e d  i n  a r ad ia l  e l e c t r i c  f i e l d  reactor ,  with a 
pinhole leading t o  t h e  photoionization mass spectrometer. 
diacetylene s igna l s  with and without an electric f i e l d  (4.8 Townsend) 

According t o  t h e  

From t h e  comparison 

The 
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were careful ly  compared; 
(<%I.  The smaller peak a t  mass 52 (C4H4) a l s o  d i d  not  change. Since 

t h i s  electric f i e l d  w i l l  reduce t h e  residence t i m e  of  t h e  chemi-ions 
by approximaetly a f a c t o r  of 100, we must conclude t h a t  chemi-ions a r e  
not precursors t o  t h e  observed diacetylene i n  t h i s  system. 

In t h e  HOmaM and Schweinfurth mechanism [El, t h e  CH r a d i c a l  r e a c t s  
with acetylene t o  form C3H2, which subsequently r e a c t s  with an oxygen 

The diacetylene i s  then formed when C2H r e a c t s  with 
another acetylene (Reaction 1). I f  t h i s  were the  cor rec t  m e c h a n i s m ,  
then adding a quenching molecule t h a t  could r e a c t  with both CH and C2H 
should give Stern-Volmer p l o t s  t h a t  curve upward. The magnitude of 
t h i s  effect can be seen i n  Figure 3, where the s o l i d  curves show t h e  
expected behavior f o r  methane quenching using known r a t e  constants  f o r  
C2H and a l i n e a r  term t h a t  f i t s  t h e  i n i t i a l  s lope.  The lack of 
curvature i n  t h e  experimental po in ts  suggests t h a t  sequent ia l  
quenching of two precursors  is not important f o r  t h i s  system. 

quenching molecules, then it i s  very l i k e l y  t h a t  t h e  react ion,  

no change i n  i n t e n s i t y  could be observed 

' atom t o  form C2H. 

I f  CH(X%) is  t h e  rad ica l  t h a t  i s  being intercepted by t h e  var ious 

C H ( X 2 X )  + C2HZ --> C3H2 + H (6) 

is the  next s t e p  i n  forming diacetylene.  Reaction 6 is s u f f i c i e n t l y  
exoergic t o  form any one of t h e  three  isomers of  C3H2. 
and trapping s tudies  have shown evidence f o r  C3H i n  flames [3,14]. 
However, very l i t t l e  is known about t h e  k i n e t i c  tehavior  of  any of 
these isomers. 
be speculative a t  t h i s  t i m e .  
t h e  following intermediates  t h a t  a r e  known t o  be  present  i n  t h i s  
system could donate a carbon atom t o  C3H2 t o  give diacetylene i n  an 
exoergic react ion:  C; C20; CH; vinyledene; CH2; HC20; o r  C3H2 itself. 

CONCLUSIONS 

Direct sampling 

t o  diacetylene can only The mechanism leading from C3H 
However, it shoutd be noted t h a t  any of 

The present quenching s tudies ,  espec ia l ly  t h e  r e s u l t s  with methane 
which a re  t h e  most extensive, do not support C2H as t h e  precursor  t o  
diacetylene i n  t h e  oxygen atom-acetylene system. 
present r e s u l t s  w i  h those from a previous chemi-ion quenching study 

Quenching by molecular hydrogen i s  anomalous and is  not understood. 
Clearly chemi-ions do not  p a r t i c i p a t e  i n  t h e  formation of diacetylene.  
Kinetic s tud ies  need t o  be done on t h e  C3H2 isomers t o  understand t h e  
next s t e p  i n  t h e  formation of diacetylene i n  t h i s  system. 

Combining t h e  

suggests t h a t  CH(X 5 z) i s  t h e  intermediate t h a t  i s  being quenched. 

I 

1403 



REFERENCES 

[l] K. H. Homann and H .  Gg. Wagner, Ber. B u n s e n g e s .  P h y s .  C h e m i e  69, 

[21 J. Warnatz, H.  Bockhorn, A. Moser and H .  W. Wenz, Synp. ( I n t . )  on 

[31 J. D. B i t tne r  and J. B. Howard, Symp. ( I n t . )  on C o m b u s t .  [ P r o c . ] ,  

20 (1965). 

C o m b u s t .  [ P r o c .  I ,  1 9 t h ,  197 (1982) . 

19th, 211 (1982). 
[4] J. Warnatz, Comb. Sei. T e c h n o l .  26, 203 (1982). 
[51 H. G. Wagner and B. S. Haynes, P r o q .  E n e r g y  C o m b u s t .  S c i . ,  7, 229 

(1981) . 
1 4 t h ,  277 (1973). 

[ P r o c . ] ,  16th,  853 (1977). 

85, 569 (1981). 

P. Glass, J. P h y s .  Chem. 91, 5740 (1987). 

[61 I. T. N. Jones and K. D .  Bayes, Synp. ( In t . )  on C o m b u s t .  [ P r o c . ] ,  

[71 K .  H. Homann, J. Warnatz and C. Wellmann, Symp. ( In t . )  on C o m b u s t .  

[81 K .  H .  HomaM and H. Schweinfurth, B e r .  Bunsenges. P h y s .  C h e m i e  

[91 J. W .  Stephens, J. L. Hall, H. Solka, W. B. Yan, R. F. Curl and G .  

[lo] B. Ruscic and J. Berkowitz, J. Chem. P h y s .  93, 5586 (1990). 
[111 D. E. Phippen and K. D.  Bayes, Chem. P h y s .  L e t t .  164, 625 (1989). 
[121 D. E. Phippen, Ph.D. t h e s i s ,  University of California,  Los 

[131 K. H. Becker and K. D .  Bayes, J. Chem. P h y s .  48, 653 (1968). 
I141 M. Hausmann and K .  H. Homaq, B e r .  B u n s e n q e s .  P h y s .  C h e m i e  94, 

Angeles, 1991. 

1308 (1990). 

Table I: Comparison of Experimental  Ra t ios  of k3/k4 with 
Ratios of Known Rate  Cons tan t s .  R a t e  c o n s t a n t s  f o r  C2H w e r e  
taken from 191 and from Lander et a l .  (J. P h y s .  Chem. 94, 1759 
(1990)). Rate cons tan ts  f o r  CH(X2n) were taken from the  review by 
Sanders and L i m  ( C h e m i c a l  K i n e t i c s  of S m a l l  O r g a n i c  R a d i c a l s ,  Vol. 
3, ed .  2. Alfass i ,  CRC Press,  BOca Raton, 1986, p. 103) .  95% 
confidence l i m i t s  f o r  kg/kq a r e  shown. 

Exper imenta l  r- If intermediate is 7 
Quencher k 3 4  C2H CH (X’n) - 

CH4 2.7 k 0.5 50 4.1 

N2Q 4.8 f 0.9 ? 5.4 

H2 17 rf: 7 340 >400 
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Figure 1: Stern-Volmer Plot of Diacetylene Quenching by 
Methane. 
acetylene: circles 3.9 mTorr; squares 8 . 4  mTorr; triangles 14 mTorr. All 
runs had [O] of 2.7 mTorr and 3 Torr t o t a l  pressure. The least  squares 
lines were forced through unity a t  zero methane. 

The different symbols represent different pa r t i a l  pressures of 
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Figure 2: Reciprocal of the Stern-Volmer Slopes as a Function 
of Acetylene. 
open squares quenching by nitrous oxide. 
have been divided by 1 0  before being plotted. 
weighted least  squares calculations. 
in the f i r s t  column of Table I. 

The so l id  c i rc les  represent quenching by methane and the  
For hydrogen the values of p - l  

The straight l ines represent 
The slopes of these l ines a re  entered 

I 
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Figure 3 :  Comparison of Observed Quenching Data wi th  Model 
for Sequential  Quenching. Data are the same as i n  Figure 1. 
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